Earthquakes occur in Antarctica. The previously held notion that Antarctica is essentially aseismic has been disproved by using records from established Global Seismic Network stations and recently deployed temporary stations on the Antarctic continent. However, the seismicity observed in Antarctica is very low in comparison with other continental intraplate regions. This contribution critically reviews magnitude threshold levels for recorded earthquakes and the available earthquake hypocentre data for Antarctica and the surrounding oceans. Patterns are identified in the distribution of Antarctic earthquakes and the deformation of the Antarctic Plate, and the interplay between tectonic and ice-related forces controlling this distribution is discussed.
INTRODUCTION
The seismicity of Antarctica may have several different controlling factors: the tectonic forces that operate across the Earth's plates, the underlying tectonic structure, including contrasting tectonic province boundaries and major faults, and the forces due to the loading and partial unloading of the ice cover that dominates the continent. These possible influences are summarised in the following introductory sections.
Analysis of the spatial distribution of Antarctic earthquakes has been decades behind that of other continents owing to the paucity of Global Seismic Network stations in the southern hemisphere and the difficulties of operating temporary seismic networks in the inhospitable Antarctic interior. Analysis of source mechanisms is even further behind owing to the low magnitudes of Antarctic earthquakes and the time-consuming process of obtaining data from several different national agencies before a single event can be studied. Efforts such as the web-based AnSWeR, the Antarctic Seismic Web resource (current URL available from the author by e-mail), have at least provided researchers with a means of locating current seismic stations in Antarctica and the agencies that hold waveform data. However, the need for all Antarctic nations to contribute data from permanent and temporary stations to a central data management centre on a routine basis is very apparent. Improved coordination may arise from international efforts associated with the International Polar Year of 2007-08. This contribution presents available data, insights into missing data, and provides a systematic overview of Antarctic seismicity and the different controlling factors underlying the main features of the observed distribution.
Tectonic setting of the Antarctic Plate and associated stress
Antarctica has a unique plate tectonic setting, being almost totally surrounded by passive continental margins (Figure 1a ). Framing the continent, vast areas of oceanic crust and sub-marine plateaux extend to a plate margin consisting mostly of spreading ridges (Figure 1b, Smith and Sandwell, 1997; Hayes, 1991) . This study includes events occurring in the oceanic part of the plate in order to make sense of the continental intraplate seismicity. Earthquakes in the deep ocean (Wiens and Stein, 1983 ) and on passive continental margins (Stein et al., 1989) are potential indicators of rheological properties, stress accumulation and release. It is assumed that tectonic stress transfer from one plate to another across plate margins is of lesser importance than the intraplate stress transfer and that stress transfer from ocean to continent or vice versa across passive margins may be significant under some circumstances.
The continent of Antarctica
East Antarctica is a stable cratonic region (Tingey, 1991) with the details of its internal structure substantially obscured by ice. The earlier model of a mostly Archaean crust has been amended in the light of new geochronological results from several of the continents that made up East Gondwana. Palaeoproterozoic and Proterozoic mobile belts run roughly perpendicular to the East Antarctic coastline but their location in the interior of Antarctica is not constrained (Fitzsimons, 2003; . On the Ross Sea margin of East Antarctica, the major physiographic feature of the continent, the Transantarctic Mountains, are exposed. They extend from the Ross Sea side of the South Pole over 2000km northwards, along approximately160° longitude, through Victoria Land to Oates Land. Here, the metamorphosed sediments of the Robertson Bay, Bowers, and Wilson Terranes are exposed (Tingey, 1991 and references therein) . They are bounded by major tectonic structures such as the Lanterman fault that were active prior to and through the Cenozoic (Capponi et al., 2002) . Cenozoic sea-floor spreading in the western Ross Sea is thought to have propagated southward into continental Antarctica, possibly acting as a trigger for the flexural uplift that formed the Transantarctic Mountains (Fitzgerald, 2002) .
West Antarctica is generally younger, and consists of crustal blocks that came together with the assembly of Gondwana and was subject to later, Mesozoic, volcanism and deformation (Vaughan and Storey, 1997) . Much of West Antarctica lies below sea-level while the sub-ice elevation of East Antarctica is mostly around 1-2 km (Lythe et al., 2001 ). The contrast between West and East Antarctica is also evident at depth. Images derived from seismic data using tomographic techniques show thinner, warmer crust beneath West Antarctica and much thicker, colder crust beneath East Antarctica (Ritzwoller et al., 2001; Morelli and Danesi, 2004; Bannister et al., 2003) . The West Antarctic Rift System, active following the break-up of Gondwana (Fitzgerald, 2002) , runs along the Ross Sea margin of East Antarctica, adjacent to the Transantarctic Mountains, but its location through West Antarctica is unknown. The low density of available earthquake-to-station ray paths across Antarctica limits the resolution in current models. However, more precise lithospheric thicknesses in East and West Antarctica are likely to be determined in the near future using data from current deployments of temporary seismic instruments in the interior (by the author and others). Accurate lithospheric structure is necessary to constrain rheological modelling, e.g. of large-scale glacial isostatic adjustment. Airborne geophysical surveys are also making significant progress towards delineating major structures such as the West Antarctic Rift System (Behrendt et al., 1996) .
There is a paucity of stress measurements on the Antarctic continent itself and hence a near-total lack of direct information on the stress state of the Antarctic Plate. However, field investigations have begun with the aim of determining stress directions within the Antarctic Plate by direct and indirect means (e.g. Paulsen and Wilson, 2002) .
The ocean surrounding Antarctica
The oceanic regions of the Antarctic Plate are shown in Figure 1b , together with the spreading rates of surrounding ridges (two significant figures taken from Rundquist and Sobolev, 2002 and references therein) . Spreading is slow at the South American and African Plate boundaries (1.8 and 1.5 cm/year respectively) and faster at the margins with the Australian, Pacific and Nazca Plates (6.8, 7.3 and 5.9 cm/year). In two places, the plate margin is close to the Antarctic continent. The Balleny Islands region is one such location, where the circum-Antarctic spreading ridge and the region south of Macquarie Island (Cande and Stock, 2004) are characterised by high seismicity. A great earthquake, M W =8.1, took place in this region on 25 March 1998 within the oceanic lithosphere of the Antarctic Plate (Toda and Stein, 2000; Antonioli et al., 2002) and not at the plate boundary. However, the influence of the plate boundary is clearly very strong in this region which could be regarded as a diffuse plate boundary zone. As such, analysis of focal mechanisms from this region is not included in this review.
North of the Antarctic Peninsula, a short section of active margin (Galindo-Zaldivar et al., 2004 ) occurs close to the continent. Subduction along the Peninsula ceased progressively, from south to north, during the Tertiary with only the Bransfield Strait remaining active at the present day (Larter and Barker, 1991) . Analysis of focal mechanisms from this region is also outside the scope of this review. The active tectonics of the nearby Scotia Sea include subduction of the Atlantic Plate beneath the Scotia Plate at the South Sandwich Island Arc (Larter et al., 1998) . The Antarctic Plate itself is not significantly affected by this subduction.
Around most of Antarctica, there is a large distance between the ocean ridge and the Antarctic continental rise. In the Indian Ocean sector, the Antarctic Plate is dominated by the Kerguelen Plateau (Frey et al., 2000) . In the Pacific Ocean, north of the Bellingshausen Sea, the spreading margin of the West Chile Ridge is similarly a great distance from the Antarctic continental rise although this region is characterised by deep waters, and contains no such large sub-marine plateaux. The Australian-Antarctic Discordance (AAD) is a notable topographic feature of the ocean floor in the region south of Australia, where the elevation of the ridge-crest is suppressed (Marks et al., 1999) .
Observed Deformation of the Antarctic Plate
The continental region of the Antarctic plate is deforming very slowly with surveyed locations across East Antarctica (Figure 1a ) having negligible relative horizontal motion rates of less than 2 mm/year (Bouin and Vigny, 2000; Negusini et al, 2005) . This is consistent with the low rates of observed seismicity in the continental interior. In West Antarctica, relative motions are greater, of the order of 5mm/year, especially in the north of the Antarctic Peninsula (Dietrich et al., 2004) which is subject to active local tectonics.
The Antarctic Peninsula may also be more affected by glacial rebound than East Antarctica (James and Ivins, 1998) . Relative horizontal motion between East and West Antarctica is also very small, 1-2 mm/year (Dietrich et al., 2004, Donnellan and Luyendyk, 2004) . Observing vertical motion using Global Positioning System (GPS) measurements requires a longer stream of higher-quality data. Determinations of uplift rates in the northern Transantarctic Mountains have recently been made at 4.5 +/-2.3 mm/year (Raymond et al., 2004) and in Marie Byrd Land at 12 +/-4mm/year (Donnellan and Luyendyk, 2004) . In East Antarctica, uplift rates at stations east and west of the Lambert Glacier are less than 2 +/-0.5 mm/year (Tregoning et al., 2004) . Johnston (1994) provides a wealth of detail on the behaviour of Stable Continental Regions (SCR) of the Earth's surface. Notwithstanding deficiencies in Antarctic data (discussed in the next section), all other continents exhibit a higher level of observed seismicity than Antarctica. This is illustrated by the recorded seismicity for southern Australia and southern Africa displayed in Figure 2 . Low Antarctic seismicity is consistent with the low values of deformation observed in many of the GPS surveys.
Stress due to ice loading/ unloading
Several authors (e.g. Johnston, 1987) have noted that ice-covered intraplate regions show suppressed seismicity. It is proposed that the likelihood of brittle failure in the crust may be changed by the vertical stress due to the overburden of the ice. In a compressive regime, an increase in vertical stress would inhibit failure. Additionally, ice or permafrost may prevent water from percolating into the crust: pore-pressure would remain low, again inhibiting failure. On removal of the ice-cover, seismicity may be influenced by the strain component associated with glacial isostatic adjustment or rebound of the lithosphere. James and Ivins (1998) discuss the likely rebound associated with the current retreat of the Antarctic ice-sheets. The failure of the Earth's crust due to such motion is discussed (e.g.) in the context of present-day Fennoscandia by Muir-Wood (1989) and in more general terms by Schultz and Zuber (1994) . A more recent paper by Ivins et al. (2003) extends the stress prediction (and hence likelihood of crustal failure) analysis. It is possible that glacial isostatic adjustment could have been a significant influence behind the great 25
March 1998 earthquake within the Antarctic oceanic crust (Ivins et al., 2003; Kreemer and Holt, 2000, Tsuboi et al., 2000) .
DATA
The ISC (International Seismological Centre) Bulletin underestimates the true seismicity of the high-latitude southern hemisphere. This effect is shown in Figure 2 which includes both events for 1995-1999 not included by the ISC and those listed by the ISC south of 20°S. Note that throughout this discussion, the quoted magnitude scale (for explanations, see Stein and Wysession, 2003) is that used by the given source. The ISC Bulletin (and other lists for the most recent events), together with the various additional sources of data in this study, contains too many inconsistencies in event data from Antarctica for detailed conclusions to be drawn about magnitudes. Hence those quoted are only approximations for most events.
The occurrence of earthquakes in continental Antarctica was confirmed as late as the 1980's (Adams et al., 1985; Adams and Akoto, 1986) . The small number of seismic observatories on the Antarctic continent and the vast distance across the southern ocean to other low-noise recording sites contributed to the misconception that Antarctica is essentially aseismic. During the 1990's, several new Antarctic seismic observatories were installed, and a number of pre-existing observatories were linked to international data distribution centres. Kaminuma (1994) reported on the increasing number of Antarctic earthquakes that were being recorded and Rouland et al. (1992) began using Geoscope data to investigate previously undetected earthquakes. Reading (2002) included reported earthquakes from temporary deployments or upgraded observatory facilities in an attempt to produce a seismicity map that included all reported Antarctic earthquakes to date.
Inclusion of small magnitude, locally recorded events (see also Robertson et al., 2002; Kaminuma et al., 1998) was valuable in confirming that many parts of Antarctica are subject to limited seismic deformation but it also raised new problems in that the identification of areas showing microseismicity was strongly biased by the location of low-noise permanent and temporary seismic stations. A later paper (Reading, 2005) excluded the microseismicity (m b < 3.5) and introduced the need to consider the very large earthquakes (and hence, large strains) that were supported by the oceanic part of the Antarctic Plate. This seems to be a feature of Antarctic Plate oceanic seismicity, although the repeat times for these great earthquakes are likely to be hundreds of years, and so cannot be inferred from present records. Even such large events may not be present in the While the number of earthquakes in the ISC bulletin that are located in Antarctica has increased in recent decades, the assumed recording threshold has also risen as it becomes clear that many earthquakes are likely to have been overlooked. Okal (1981) (Ringdal, 1986) compares with the more likely value of m b = 5.3 in Antarctica (Sipkin et al., 2000 , Rouland et al., 2003 .
Given the power-law relationship between seismicity and earthquake magnitude, an upper limit of earthquake occurrence in Antarctica is up to an order of magnitude greater than has been reflected by recorded data to date. (Fig. 3/Tab. 1, 04 ). Geophysical surveys (Studinger et al., 2003a) suggest that the lake lies at a major structural boundary and is tectonically controlled.
OBSERVED SEISMICITY DISTRIBUTION
Confirmation (albeit circumstantial) of the previously recorded seismicity associated with Lake Vostok came with the local recording of a M W = 3.2 earthquake that occurred on 05 Jan 2001 followed by a smaller aftershock about 4 minutes later (Studinger et al., 2003b) .
Dome
Fuji. An isolated event has also occurred at high latitudes in the East Antarctic interior south of Dome Fuji (Fig. 3/Tab. 1, 05 ). This is not associated with any known tectonic or topographic feature (see the BEDMAP compilation, Lythe et al., 2001) (Gohl et al., 1997) . This deformation continues today (Okal., 1980) , is consistent with the thrust component of the focal mechanism shown (Fig. 4 -b) , and may be the mechanism for most of the seismicity away from the Antarctic continent.
Terre Adelie. In East Antarctica, in the region of Terre Adelie, seismic events are clustered along the coast (Fig. 3/Tab. 1, gp 11) . Although the locations are not well constrained, the active region is likely to be offshore, close to the continental rise. A focal mechanism (Fig. 4 -d ) from one the largest and most recent earthquakes (22 Feb 2005) in this review shows strike-slip deformation. This is easier to reconcile with plate boundary influences than with crustal motion due to glacial isostatic adjustment (GIA). However, Ivins et al. (2003) discuss the possible triggering by GIA of events with mechanisms related to regional tectonic stress. A few event hypocentres occur further offshore, as far as 60°S (Fig. 3 /Tab. 1, gp 12) and may be controlled by plate margin processes although they are a considerable distance from the diffuse zone of high seismicity associated with the Balleny Island region.
Wilkes Land. Events are also observed further along the coast of Wilkes Land (Fig. 3/Tab. 1, gp 13). A focal mechanism from 1984 (Fig 4. -e) again shows strike-slip deformation as discussed above. These moderate-sized events abruptly end west of Wilkes Land for reasons that are unclear. This change is unlikely to be an artefact of the distribution of recording stations since Mawson station is located in the 'quiet' region which extends along the coast between Wilkes Land and Enderby Land.
Enderby Land. The coastal quiet zone is broken by a very isolated group of events
occurring offshore of Enderby Land (Fig. 3/Tab. 1, gp 14) . This is close to the Japanese Antarctic station of Syowa. Records from this station and others have been used to calculate the focal mechanism shown for this relatively small event (Negishi et al., 1998; Fig 4. -f) . Dominantly strike-slip, with a fault-plane dipping at 60°, this event could again reflect plate boundary stress directions with a possible glacial isostatic adjustment trigger.
However, more focal mechanisms are clearly needed before a robust determination of stress directions can be made.
Balleny Islands. The intraplate region northwest of the Balleny Islands has extremely high seismicity, as one would expect given its location close to the complex plate boundaries forming the triple junction between the Pacific, Australian and Antarctic Plates. Plate boundary earthquakes have not been included in this review, however, a few events (Fig. 3/Tab. 1, gp 15) in the Balleny Islands Flynn-Engdahl region may be more closely related to the coastal events of Terre Adelie. The oceanic crust is capable of sustaining very high strains (Choy and McGarr, 2002) , as evidenced by the occurrence of the great earthquake of 25 March 1998 (Antonioli et al., 2002) and the relation between plate boundary and intraplate processes in this region is clearly complex. 
South of the

Kerguelen Plateau. Scattered groups of intraplate earthquakes occur on the Kerguelen
Plateau, in the southern Indian Ocean (Fig. 3/Tab. 1, gp 18,19) . The anomalous material making up the plateau is older than the surrounding ocean floor and likely to have been associated with Indian Ocean tectonics at the break-up of Gondwana (Frey et al., 2000) .
Active tectonic processes are evident at volcanic Heard Island (south of Kerguelen Island).
A focal mechanism from an earthquake occurring north of Kerguelen Island in 1973 (Okal, 1981) shows an extensional mechanism of deformation that suggests that the northern seismicity may be related to the volcanic activity beneath the Kerguelen Plateau. Seismicity continues to be observed between the Plateau and the ridge at the plate margin (Fig. 3/Tab. 1, gp 20) .
Crozet Islands/ Prince Edward Islands. Isolated events are located in the intraplate oceanic crust, in the vicinity of the Crozet Islands (Fig. 3 /Tab. 1, gp 21) and Prince Edward Islands (Fig. 3/Tab. 1, gp 22) . These are also regions of past and present oceanic volcanic activity. The region between Kerguelen and Crozet/PEI is very quiet.
DISCUSSION
The findings of Rouland et al. (2003) who reported overlooked events within the Antarctic intraplate region in a single year (1999) lead us to ask is the seismicity as low as it appears? Three intraplate events occurring away from plate boundaries, with m b = 3.5-3.9, were reported in the ISC Bulletin for 1999. The same number of intraplate events, 3, were reported as overlooked. Although these numbers are small, they suggest that the actual seismicity may be at least twice that reported by the ISC. The magnitudes of the overlooked events were M S =3.7, 4,2 and 4,2 for Victoria Land, Weddell Sea and Southern Kerguelen Plateau, respectively. Because these are significantly larger than the magnitudes of the Antarctic intraplate events reported that year by the ISC, the problem is not simply one of threshold magnitude. Rouland et al. (2003) suggest that automated procedures (not necessarily tuned for Antarctic events), simple clerical errors and/or the physical properties (e.g. emergent onset) of some earthquake sources may cause some earthquakes to be overlooked. Lack of data redundancy in the southern hemisphere may also be a contributing problem. Coastal Antarctic and sub-Antarctic recording sites are prone to spells of very noisy conditions so an event within recording range of a very small number of such stations may not eventually reach the ISC Bulletin.
Even if the incidence of earthquakes in continental Antarctica is twice as high as appears from the ISC Bulletin, Antarctic seismicity remains low. This is likely to be due in part to the low tectonic stresses acting on the Antarctic Plate: the lack of extensive subducting margins, the distance between the surrounding ridge-crests and the continent and the ability of the oceanic crust to sustain very high levels of strain. It is likely also to be due to the effect of an ice load on the crust, shifting the principal stresses away from a condition of brittle failure. The observed seismicity distribution is likely to be a highly suppressed version of the seismicity that would be apparent if there were no ice, with an overprint of the coastal seismicity due to glacial unloading.
Over the past few years, Antarctic seismology has matured from being a curiosity into a science with controlling mechanisms under discussion (Kaminuma, 2000) . From the present, improved, observed distribution in the intraplate region, earthquakes appear to occur in three settings. Two are likely to have distributions with a tectonic, or relict tectonic structural, control (although the level may be suppressed by ice-cover): those in the Transantarctic Mountains and the scattered events in the interior. In addition earthquake in the coastal zone and continental margin are likely to be most strongly controlled by the interaction between glaciogenic and tectonic forces. In addition to the possible controlling mechanisms already mentioned, i.e. slab pull, ridge-push, ice loading and ice unloading, topography and sub-ice topography may be additional controls on the distribution of seismicity. Stresses induced by topography and density variation can be of similar magnitude to those tectonically induced (Mareschal and Kuang, 1986) .
The seismicity of the Transantarctic Mountains is due to a combination of the uplift of the range, being accommodated in fault-bounded blocks (Fitzgerald, 2002 , Raymond et al., 2004 , and the effect of glacial unloading at the margin of the continent (Ivins et al., 2003) . At the Ross Sea margin, there are good constraints on the glacial history (James and Ivins, 1998) and lithospheric structure (Bannister et al., 2003) which will enable the glaciogenic stresses to be modelled more accurately in the near future. Some microseismicity is due to the interaction between glaciers and the crust. Crustal strain may be released at points where the basal conditions of glaciers lead to changes in the magnitude and/or direction of the principal stress axes or the microseismicity may simply be a local phenomenon, dominated by ice-quakes.
The seismicity of the interior of the continent is due to tectonic forces but is nearly completely suppressed by ice-cover. The few events that do occur appear to be located on tectonic boundaries that may provide a weak point, or contrast in stress regime, for seismic strain release. Sub-ice topography and density heterogeneities may also play a part but there are too few recorded quakes and the structure of the interior is too poorly known to draw any but the most general conclusions at this time.
The seismicity of the continental margin is most likely to be dominated by the glacial rebound processes and the controls that lithospheric thickness and oceanic crust rheology and structure place on the spatial distribution of stress release (Ivins et al., 2003) (Fitzsimons, 2003) . There could be a change in the nature of faults dating from the time of continental rifting so that they are not reactivated by a current stress regime (Stein et al., 1989) . The seismicity of the Weddell Sea has relatively well constrained hypocentres which might make it a suitable test of the mechanisms proposed by Ivins et al. (2003) Alternatively, the relationship may be coincidental given that the interior seismicity is so low.
In order to progress further in understanding the interplay between the many factors underlying the distribution of so few earthquakes, we must improve the recording of earthquakes throughout the high-latitudes of the southern hemisphere. The accuracy of hypocentre locations is important in understanding the setting of the earthquake with respect to features such as the continental rise. More focal mechanisms would also provide clearer insights into the style of failure of the crust and, where sufficient events occur, on underlying stresses in the lithosphere.
Improved coverage of seismic data is also required in order to apply the more advanced seismological techniques that we now take for granted in other continents. These include higher-resolution mapping of the seismic structure, and hence the depth and temperature of the lithosphere and underlying mantle. When the recording of earthquakes and our knowledge of Earth structure are improved in this way, we can hope to effectively constrain tectonic and glacial isostatic adjustment models (e.g. Ivins et al., 2003) .
SUMMARY
The seismicity of continental Antarctica may be at least twice as great as it appears from the ISC Bulletin. The seismicity distribution in the Transantarctic Mountains is dominated by tectonic and relict tectonic controls with some influence of ice unloading at the Ross Sea margin. The continental interior shows suppression of crustal failure due to tectonic stress by ice loading with the low seismicity being controlled by the relict tectonic and physiographic structure beneath the ice. The continental margin shows seismicity likely to be dominated by glacial isostatic adjustment and lithospheric structure, and a regional tectonic influence in some locations.
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